Creep and growth during irradiation
Neutron irradiation produces vacancies and interstitials in the crystal lattice, with concentrations far in excess to the thermal equilibrium concentrations. These defects either recombine or migrate to sinks where they get trapped. Dislocations present in the lattice preferentially absorb either vacancies or interstitials, causing them to climb (in the absence of stress) or to climb and glide (when a resolved shear stress is present). Both mechanisms induce dimensional changes, named growth and creep, respectively.
Creep is the time-dependent irreversible deformation that occurs at a low rate, at stresses below the flow stress of the material. The kinds of creep relevant in cladding materials are (1) thermal creep, and (2) irradiation creep. The former requires either elevated temperatures (T > 0.5T M ) or applied stresses close to the flow stress (σ > 0.75σ F ), and is not a major player under normal reactor operating conditions. The latter is driven by the abundance of irradiation produced defects, and takes place at reactor operating temperatures (T ≈ 0.5T M ) and at relatively low stress (σ > 0.3σ F ).
Irradiation growth is the irradiation-induced dimensional changes that take place in the absence of applied stresses, and is caused by the partitioning of vacancies and interstitials among different sinks (dislocations). Each kind of sink produces strain in a different crystallographic direction, such that the final deformation is anisotropic and volume conserving. In Zr alloys the point defects tend to aggregate into sessile dislocation loops (either interstitial or vacancy loops), making them climb and grow in size, and so changing the crystal dimension perpendicular to the plane of the loop.
The two phenomena of creep and growth become coupled in polycrystalline materials. The reason is that growth of a grain is opposed by the reaction stresses caused by interaction with its neighbors (that are also growing, but it in different directions). These stresses, in turn, induce irradiation creep. As a consequence, even if at the macroscopic level the cladding is not subjected to stress, creep is always present internally. Under some non-standard operating conditions, internal stresses may be high enough that thermal creep becomes important. Internal stresses, in turn, affect the diffusive characteristics of point defects within a grain, and consequently affect the phenomenon of growth.
In this report, we incorporate irradiation creep and growth into a crystallographic model of grains and interface such model with the polycrystal code VPSC. We present simulations of macroscopic creep and growth of cladding tubes (Zircaloy-4), investigate the role of texture in the tube response, investigate the role of pre-existing dislocations in the cladding, and examine the coupling between creep and growth. In a separate report [ref] we study the atomistic mechanisms that contribute to these phenomena.
The Visco Plastic Self Consistent (VPSC) approach [1, 2] is a means to predict the macroscopic response of a polycrystalline aggregate, assuming knowledge of the constitutive law of a single grain. VPSC treats each grain as an inhomogeneity included in an effective medium, and iteratively solves for the response of the macroscopic effective medium. VPSC thus requires the constitutive law associated with a single crystal. In this section, we describe the modifications made to VPSC to incorporate the phenomena of irradiation creep, and growth. More specifically, how we incorporate the growth model for Zircaloy cladding developed by Barashev, Golubov et al. [3] as part of the CASL Program.
Formulation
The constitutive response of a single grain is due to creep and growth, and is given in its simplest form as:ε
The creep rate is a function of neutron flux, dislocation density, and applied stress, and is consequently given aṡ
whereγ 0 = 10 9 h −1 , ρ s is the dislocation densityin each system s of the grain, and φ is the neutron flux. The summation is over the three types of slip systems (Prismatic, Basal, and Pyramidal). The Schmid tensor m s ij = 0.5(n s i b s j + n s j b s i ) geometrically transforms the shear rate on system s onto a strain rate tensor, and also projects the stress tensor to give the resolved shear on system s. Equation 2 represents a linear dependence of creep rate with stress, dislocation density and neutron flux. The creep compliances for each type of dislocation mode are:
and reflect the fact that {1010} 1120 prism dislocations are the most effective creep mechanism, {0002} 1120 basal is less effective, and {1010} 1123 pyramidal dislocations contribute little to irradiation creep. K can also be regarded as the inverse of a characteristic resistance for moving each type of dislocation. The creep compliances were fit to experimental irradiation creep of Zr-Nb tubes [4] assuming a constant growth rate for every crystal. As a consequence the Ks are not fully consistent with the growth model utilized in this work and in the future, we will revise these values. However, we do not expect large deviations from the present values, or qualitative changes in the relative compliance of prism, basal and pyramidal. Since irradiation creep is associated with dislocation trapping of irradiation-produced defects, it should increase monotonically with the dislocation density and with the number of defects being produced per unit time. Equation 2 assumes a simple linear dependence of the compliances with dislocation density and with irradiation flux. The linear dependence with stress is characteristic of irradiation creep. In the experiments used for fitting the compliances the reference magnitudes were:
At the polycrystal level, the constitutive response is given by the relationship between stress and strain as: [3] , and used in this workε
Our implementation of irradiation growth into VPSC is general, and can easily be swapped for a different growth law. We have currently implemented a growth rate tensor, ε growth ij , supplied from the Reaction-Diffusion model due to Barashev et al. [3] , which we briefly summarize.
The fundamental tenet of the model is that the net growth rate is due to absorption of point defects, and defect clusters by sinks, viz. (a) Edge dislocations, induced by the tube fabrication process and present before irradiation, and (b) Dislocation loops, that nucleate in cascade. A cascade is assumed to produce mobile self interstitial atoms (SIAs), single vacancies, and SIA clusters. SIAs and vacancies are assumed to interact with all types of sinks. SIA clusters are assumed to be glissile dislocation loops, with Burgers vector b = 1 3 1120 . These SIA clusters are assumed to interact only with dislocations and dislocation loops having the same Burgers vector. As a consequence, these SIA clusters are the main driving force behind the anisotropy of growth, as follows: Vacancies tend to form glissile loops in the basal plane with Burgers vectorb = 1 2 0001 and so do not interact with SIA clusters. Basal vacancy loops trap vacancies and interstitials via random walk processes but, since vacancies are in excess of SIAs, they trap more vacancies and lead to shrinking parallel to the c-axis. Interstitials and vacancies can form sessile loops in the prism planes with Burgers vector b = 1 3 1120 : when they interact with SIA clusters, the former grow by climb, and the latter get consumed, so leading to expansion perpendicular to the c-axis.
A nucleation law for dislocation loops is assumed by Barashev et al. The nucleation rate of a-type loops is assumed to be constant with fluence, and set to zero past a certain cutoff fluence. The nucleation rate of c-type loops is assumed to start much later in the process, is much slower, and is set to zero at a much later stage. We reproduce the nucleation rate from [3] in figure 1. These assumptions, combined with some straightforward algebra lead to the final form of the growth rate tensor.
As part of the implementation, a FORTRAN 77 code was provided to us by ORNL. This code was wrapped, and plugged into the VPSC framework, after taking into account the proper conversion between units in the two different codes. In the next section, we present some results obtained from the combined VPSC+Irradiation growth model, which we will identify as VPSC-IG.
Results
As a first basic check, we compared the results obtained from the stand-alone code, and the combined VPSC-IG model. Here, we ran the irradiation growth routine on a single crystal, with the crystallographic axes aligned with the coordinate axes as shown in figure 2 (a) . Figure 2 (b) shows a plot of the normal strain in all three directions, as a function of dose. The points are data obtained from the combined VPSC-irradiation growth model, while the solid black lines are corresponding data obtained using the stand-alone code. As expected, and predicted by the irradiation growth model, the single crystal shrinks along the c-direction, while it expands along the a-directions. Observe that the model predicts the start of break-away growth at about 3.5 dpa. This shows that the combined code is capable of producing results that are consistent with those output by the stand-alone routine, and that the irradiation routine was successfully incorporated into the VPSC framework. Furthermore, in figure 2(c) , we show the experimental measurements of Carpenter et al. [5] , to show that the single crystal model predicts realistic growth.
We then investigated the response of textured material. Two specific textures were investigated, and the pole figures associated with these textures are shown in figure 3 . The first texture corresponds to rolled Zircaloy-2, which is similar to the texture of Zircaloy-4 cladding tubes, and contained 1944 grains (referred to hereafter as cladding texture). The pole figures of this texture are shown in figure 3 (a) . The second texture, for comparison purposes was that of a polycrystal with 500 grains, where the grains had random orientations (referred to hereafter as random texture). The pole figure of this random texture is shown in figure 3 (b) .
In the first test, both textured polycrystals were subjected to neutron irradiation, in the absence of external load, to predict macroscopic growth. The evolution of the macroscopic strains as a function of dpa is shown in figure 4 . The material with random texture undergoes negligible macroscopic growth, as expected. This is because there is no strongly preferred orientation in the polycrystal, and the growth in the individual grains cancels out. For the material with cladding texture, we see an anisotropic response, with different macroscopic strains in each direction.
Next, we investigated the role of initial conditions in the rolled texture material, by increasing the dislocation density by an order of magnitude, from ρ = 10 12 m −2 to ρ = 10 13 m −2 . The effect of this change on the macroscopic strains is shown in figure 5 . The black data point are the data from the previous test, for the cladding texture material. The colored points are data obtained from material with high dislocation density. The differences with the lower density case are that the macroscopic growth strains increase substantially and the break-away growth is delayed. This is because the higher dislocation density in the material leads to more closely placed sinks, and so defect absorption is increased, leading to faster climb. In addition, edge dislocations compete more efficiently with basal and prism loops, and as a consequence, their climb is slower, which explains the absence of break-away at these doses.
For the cases presented above, we examined the stress evolution along the c-axis in selected grains, and the results are shown in figure 6 . Obviously, the internal stress for a single isolated crystal is zero. We examined the stress in only one grain embedded in the random polycrystal, since all the grains are equivalent in this case. Observe that in this case, as is to be expected, the c-axis is in tension because the tendency for it to contract is resisted by the surrounding medium, which in average does not deform. Observe also that the initial stress in the grain is large, approaches zero for doses between 1 and 4 dpa, and increases again past 4 dpa. The reason is that initial growth builds up stress until the irradiation creep mechanism can relax them in an effective manner. However, as break-away growth starts taking place, the stress increases and eventually reaches a point (not ε xx ε yy ε zz Figure 5 : Response of polycrystal with rolled texture, with increased dislocation density. Black symbols are data from figure 4, while points are data from a polycrystal with high dislocation density. The higher dislocation density leads to point defects being drawn towards sinks, which leads to higher macroscopic strains.
shown in the plot) where it is large enough for irradiation creep to compensate for growth rate.
For the cladding texture, we selected three different orientations, referred to here as O1, O2 and O3. For these orientations, the c-axis of the single crystal was aligned along the X (axial), Y (hoop), and Z (radial) directions, respectively, of the polycrystal. We then followed the evolution of c-axis stress in each of these grains, and the results are shown in figure 6. For the single crystal in the polycrystal with cladding texture, the c-axis stress depends strongly on the orientation of the single crystal, showing the ability of the VPSC-IG model to capture texture induced anisotropic effects. All single crystals experience a high initial stress, until irradiation creep starts compensating for the growth tendency in the grain. However, the grain O1 tends to shrink against a medium that wants to expand in the axial direction (see Figure 4 ) and, as a consequence, experiences tensile stresses. In the other two grains (O2 and O3) the orientation of the c-axis with respect to the main basal component (Figure 3 ) is similar and, since the aggregate tends to shrink along the radial and hoop directions ( Figure 4 ) the interaction between medium and grain is minimal, and so are the internal stresses along the c-axis.
Finally, we studied the effect of external loading on the polycrystal. Figure 7 shows a plot of a polycrystal with cladding texture, in the presence, and absence of external loading. Here, the external applied stress was σ zz = 20 MPa, along the axial direction of the tube. Since the tendency of the tube is to grow positively in the axial direction (Figure 2 ), the applied stress has the effect of adding an irradiation creep contribution to such response, which roughly doubles the strain rate. Consequently, the transverse radial direction shrinks faster when compared to the unloaded case. Figure 7: Effect of externally loading the textured polycrystal. Since the load opposes the direction of growth of the polycrystal, the strains in the loaded polycrystal are lesser than the unloaded polyrystal.
In this work we presented an irradiation creep and growth model and applied it to Zircaloy cladding material. The model is implemented in the visco-plastic self-consistent code VPSC, and is based on the crystallographic mechanisms behind creep and growth. The growth model was developed by ORNL as part of the CASL Program, and is based on climb of edge dislocations, and climb of sessile basal and prism loops via biased trapping of irradiation produced defects. This model provides a powerful simulation tool that will allow us to investigate the effect of texture and cold working conditions on the irradiation response of cladding. In addition, it will allow us to link defect diffusion and climb velocities of glissile dislocations and sessile loops, with atomistic calculations based on first principles.
